Multipolar-to-bipolar transition (MBT) is crucial for the neuronal migration and positioning in the neocortex. ReelinDisabled-1 (Dab1) signaling plays a pivotal role in neuronal migration, yet how Dab1 coordinatively regulates downstream molecules to affect MBT remains unclear. We have previously found that alternative splicing produces multiple Dab1 isoforms with different tyrosine motifs and differential ability to recruit downstream effectors. Here, we report that splicing of Dab1 exons 7 and 8 and 9bc dynamically regulates the inclusion and activities of Dab1 tyrosine motifs in the neocortex. By in utero electroporation, we show that expression of Dab1 isoforms missing exons 7 and 8 or retaining exons 9bc in WT neurons resulted in neuronal migration defects with attenuated Dab1 tyrosine phosphorylation, disrupted leading process extension, and disorientated multipolar neurons in the multipolar accumulation zone. Introducing the canonical Dab1 form, but not those missing exons 7 and 8 or retaining exons 9bc, into Dab1-deficient neurons promoted MBT and rescued neuronal migration defects, suggesting that alternative splicing of Dab1 modulates the tyrosine motif switch and mediates MBT of cortical neurons. Our study reveals a critical mechanism by which Dab1 alternative splicing coordinately controls MBT and neuronal migration in a spatiotemporal manner.
Introduction
Neuronal migration, resulting in distinct neuronal lamination in the brain, is required for normal brain function. During this process, neurons go through a series of coordinated changes in morphology, polarity, and motility to reach their final destination (Bystron et al. 2008) . For example, cortical neurons derived from the radial glia cells initially adopt bipolar shape but convert into multipolar morphology in the subventricular zone (SVZ) and intermediate zone (IZ) (Geschwind and Rakic 2013) . Subsequently, they undergo a multipolar-to-bipolar transition (MBT) in the upper IZ to form bipolar morphology with long leading processes, and migrate radially toward the cortical plate (CP) (Parnavelas 2000; Hatanaka et al. 2004; Noctor et al. 2004; Cooper 2008 Cooper , 2014 Liu et al. 2012) . Accumulating evidence has shown that MBT is crucial for the establishment of neuronal polarization, migration, and positioning of cortical neurons.
Multiple extrinsic and intrinsic molecules including Reelin, Ncadherin, small GTPase Rap1, connexin channels, and the fragile X mental retardation protein have been shown to regulate MBT and affect cortical development (Jossin and Cooper 2011; Liu et al. 2012; La Fata et al. 2014; Shah et al. 2016) .
Reelin-Disabled-1 (Dab1) signaling plays a critical role in neuronal migration (Rice and Curran 2001) . Binding of Reelin to its receptors, very low density lipoprotein receptor and apolipoprotein E receptor 2 (ApoER2), activates Src family kinases (SFKs) and induces Dab1 tyrosine phosphorylation that is essential for neuronal migration (Hiesberger et al. 1999; Howell et al. 1999 (Songyang et al. 1993; Howell et al. 1997 Nckβ family adaptor proteins (Pramatarova et al. 2003; Chen et al. 2004; Huang et al. 2004; Feng et al. 2007; Franco et al. 2011; Jossin and Cooper 2011) . Intriguingly, Y 185 and Y 198 sites recruit not only SFK that amplifies Reelin signaling but also SOCS1 that terminates Reelin signaling, suggesting a counter-balance mechanism modulated by Dab1 tyrosine phosphorylation-associated interactions (Feng et al. 2007; Feng and Cooper 2009 ). It remains unclear how Dab1 spatiotemporally coordinates these tyrosine motifs to fine-tune dynamic movements of newborn neurons. Alternative splicing is a major mechanism that expands the protein diversity (Graveley 2001) . Isoforms generated by alternative splicing have been shown to orchestrate multiple complex processes including commissural axon midline crossing, synaptic formation and specification during neural development (Boucard et al. 2005; Chubykin et al. 2007; Chen et al. 2008; Ko et al. 2009 ). A study indicated that Nova-2-mediated splicing of Dab1 exons 7bc controlled neuronal migration (Yano et al. 2010) . These exons are referred to as 9bc in this study based on sequences from Genbank (NC_000 070&NM_177 259) and ENSEMBL (ENSMUSG00000028519). Other than exons 9bc, we have found that Dab1 alternative splicing also occurs in Dab1 exons 7 and/or 8 that encode key tyrosine residues (Katyal and Godbout 2004; Gao et al. 2012 ). The tyrosine encoding regions in Dab1 are intricately organized so that the 3 YQ motifs (Y 185 QxI, Y 198 QxI, and Y 220 QVP) are encoded by nucleotides located at the boundary of 3 adjacent exons (exons 6-8) (Fig. 1) . Such arrangements result in a single motif encoded by 2 neighboring exons, with the first 2 aa (YQ) encoded by the upstream exon, and the last 2 aa (xI or VP) encoded by the downstream one (Fig. 1A) . Exclusion of exons 7 and/or 8 not only removes the encoded tyrosine residues but also converts the YQXI motif into a YQVP motif, thereby changing their ability to recruit downstream effectors (Gao et al. 2012) (Fig. 1A) . How these Dab1 isoforms are coordinatively involved in the regulation of neuronal migration remains unknown.
In this study, we used in situ hybridization to examine the distribution of Dab1 isoforms and in utero electroporation to investigate their roles in cortical neuronal migration. We found that splicing of exons 7 and/or 8 and exons 9bc occurred at embryonic day 14.5 (E14.5) in the IZ and/or multipolar accumulation zone (MAZ). Moreover, neurons expressing Dab1 isoforms either excluding exons 7 and 8 or including 9bc exhibited reduced levels of Dab1 tyrosine phosphorylation and failed to undergo MBT in the MAZ, leading to defects in neuronal positioning in the CP. Introducing different isoforms into Dab1 −/− neurons revealed that the canonical Dab1 form but not other isoforms rescued the MBT defects and migratory delay. Our study provides evidence that alternative splicing of Dab1 underlies the precise spatiotemporal control of cortical neuronal migration by regulating MBT.
Materials and Methods

Animals
All animal experiments were approved by Zhejiang University Animal Facilities and followed the guidelines. The wild type (WT) and Dab1 knockout (KO) mice (gift from Dr Jonathan Cooper, Fred Hutchinson Cancer Research Center) used for our experiments were in the C57BL/6 genetic background. The Dab1 +/− mice were maintained and genotyped according to the Jackson Lab protocol.
Reagents, Antibodies, and Plasmids
Reagents used for in situ hybridization including deionized formamide, dextran sulfate, ssDNA, yeast tRNA, nitrotetrazolium blue chloride (NBT), and 5-Bromo-4-chloro-3-indolylphosphate ptoluidine salt (BCIP) were obtained from Sigma. Denhardt's Solution was from Amresco. Anti-digoxigenin (DIG)-AP Fab Fragments, DIG wash and block buffer set, and detection buffer were purchased from Roche. Antibodies were obtained from commercial sources: rabbit anti-Dab1 (Rockland), rabbit anti-green fluorescence protein (GFP) (Abcam), goat anti-GFP (Abcam), rat anti-Ctip2 (Abcam), goat anti-Brn2 and anti-FoxP2 antibodies (Santa Cruz Biotechnology), mouse anti-Phospho-Tyrosine 100 (PY-100), and rabbit antiPhospho-Dab1-Tyr232 (PY-Dab1-232) antibodies (Cell Signaling).
The pCIG2 constructs expressing different Dab1 isoforms with an IRES GFP for in utero electroporation has been previously described (Gao et al. 2012 ).
In Utero Electroporation and Cryostat Sections
Timed pregnant C57/BL6 mice were anesthetized and their uterine horns exposed. In utero electroporation was performed according to that described previously (Saito and Nakatsuji 2001; Tabata and Nakajima 2001) . Briefly, 0.7-1.0 μl plasmid DNA (2 μg/μl, containing 0.01% fast green) was injected into the lateral ventricles of E14.5 embryos. About 100 ms-pulses of 35 V were applied 5 times at 900 ms intervals using a square-pulse electroporator (CUY21EDIT; Protech). Embryos were allowed to develop in utero until the harvest day as indicated.
The harvested embryos were perfused with 4% paraformaldehyde (PFA) in phosphate-buffered saline, followed by postfixation in 4% PFA and dehydration in 30% sucrose. Coronal brain slices (16 μm thickness) were cut using a Leica CM1950 cryostat and stored at −20°C before immunofluorescence analysis.
Immunofluorescence Analysis
Antigen retrieval of brain slices was carried out using sodium citrate buffer as described previously (Gao et al. 2012) . The brain slices were permeabilized in 0.05% Triton X-100 in Tris-buffered saline, blocked with 100 mM glycine, and 5% bovine serum albumin containing 5% normal donkey serum. Tissue sections were subsequently incubated with diluted primary and secondary antibodies as indicated and the nuclei were stained with 6-diamidino-2-phenylindole (DAPI). The slides were mounted with Prolong Gold antifade reagent (Life Technologies).
In Situ Hybridization
DIG-labeled locked nucleic acid oligonucleotide probes designed to target exon 6 (Dab1-common, 5′-AGCTGCGGACACTTCATCAAT-3′), exon 8 (Dab1-ex8, 5′-TTCAGGATCACGGATTGGCTCA-3′) and exon 9c (Dab1-ex9c, 5′-TTGGTTGCCTCGAGAAGCTC-3′) were obtained from Exiqon (Denmark) and were hybridized to WT and Dab1 −/− (KO) brain slices at different developmental stages as indicated. Briefly, brain slices were washed in PBS-T (0.05% Tween) followed by RNase-free proteinase K treatment, post-fixation and acetylation. Brain sections were prehybridized in the prehybridization mix (40% deionized formamide, 10% dextran sulfate, 1 × Denhardt's solution, 4 × SSC, 500 μg/ml denatured ssDNA, 500 μg/ml yeast tRNA and 1 mM DTT), followed by hybridization in the same mix containing different probes at 56°C overnight. After hybridization, sections were extensively washed in formamide, SSC (sodium chloride-sodium citrate) and TNT (Tris-NaCl-Tween) buffer. The slices were blocked in TNB (Tris-NaCl-Blocking) buffer, followed by anti-DIG-alkaline phosphatase antibody incubation and the hybridization signals were detected by NBT and BCIP.
RT-PCR Analysis
The upper and lower halves of the WT murine cerebral cortex were carefully dissected using fine forceps under microscope at E12.5 (6 embryos), 14.5 (6 embryos), and 18.5 (6 embryos). Total RNAs were extracted from the dissected tissue using TRIzol Reagent (Ambion) according to the manufacturer's guide. cDNAs were synthesized using SuperScript ® II RT First-Strand Synthesis System (Thermo Fisher Scientific) followed by PCR analysis by the primers as indicated (primer sequences are shown in Supplementary Table 1) . PCR products were resolved by polyacrylamide gel electrophoresis (PAGE) analysis. The fraction of mRNAs that contain a certain exon is presented as percent spliced-in (PSI, calculated as described previously) (Piechotta et al. 2003; Venables et al. 2008) . Briefly, PSI was determined as the percentage of the levels of alternative exons relative to the constitutive exons.
Lamination Histogram and Neuronal Morphology Analysis
The number of GFP-positive cells within the cerebral cortex was counted by Image-Pro Plus Software (Version 6.0). A column from the VZ to marginal zone (MZ) containing GFP + cells was evenly divided into 5 bins as previously reported (Yano et al. 2010; Franco et al. 2011) , and the percentage of GFPpositive cells within each bin was calculated and normalized to the total number of GFP + cells.
The leading processes of GFP + neurons (more than 30 cells from at least 3 samples) were traced using NeuronJ (http:// www.imagescience.org/meijering/software/neuronj/manual/) and Imaris software according to the manuals. In situ hybridization analysis of Dab1 isoforms using Dab1-ex8, ex9c, and common probes that target the exons 8, 9c, and 6 on both WT and Dab1 KO mouse brain slices at E12.5, E14.5, and E18.5. Vertical bars indicated the different layer within the cortex. PP, preplate. Scale bar: 25 μm.
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The measurements were exported to the SigmaPlot program and data are presented as means ± SEM and analyzed by 1-way ANOVA. P < 0.05 was considered statistically significant (*P < 0.05, **P < 0.01).
Results
Splicing of Dab1 Exons 7 and 8 and 9bc in the IZ Correlates with Prominent Neuronal Migration
We have found that Dab1 exons 7 and 8 and 9bc are alternatively spliced in the developing chick retina and mouse brain (Katyal and Godbout 2004; Gao et al. 2012) . To precisely assess the timing of Dab1 alternative splicing and distribution of different Dab1 isoforms in the developing mouse brain, we designed riboprobes targeting different exons of Dab1 to detect the isoforms containing exon 8 (Dab1-ex8, targeting exon 8), exons 9c (Dab1-ex9c, targeting exon 9c), or all Dab1 isoforms (Dab1-com, targeting exon 6). At E12.5, when the first-wave of neurons was born and underwent migration, Dab1-ex9c and -ex8 labeled cells in the preplate (PP) and lower VZ, while Dab1-com labeled cells throughout the neocortex, suggesting that multiple Dab1 variants were present within the cortex, but only a fraction of them included exon 8 or exon 9bc (Fig. 1B , top panels). By E14.5, when cortical neurogenesis and migration became prominent, Dab1-ex9c labeled few cells in top CP, whereas Dab1-ex8 labeled 2 main subsets of cells in CP and VZ, as well as some cells in IZ. Dab1-com exhibited similar expression pattern to Dab1-ex8 but labeled more IZ cells. The distinct distribution of Dab1-ex8 and ex9c indicates that these exons are alternatively spliced predominantly at E14.5. By E18.5, when neuronal migration draws to an end, the exon 9c probe failed to label cortical neurons, whereas the Dab1-ex8 and -com showed nearly identical expression profile in the CP and VZ (Fig. 1B, bottom panels) , indicating that the majority of Dab1 isoforms contains exon 8 in the cortex. The loss of labeling in Dab1 KO slices confirmed the specificity of the ISH probes.
The expression and the distribution of Dab1 isoforms were further verified using RT-PCR analysis by carefully dividing the neocortex into upper (mainly CP or PP) and lower halves (mainly VZ/SVZ and IZ, schematically shown in Fig. 2A ) under stereo microscope. The expression of Dab1 isoforms was determined by RT-PCR analysis using primers spanning the alternatively spliced exons as indicated (Fig. 2B ) and the identity of the dissected tissues was assessed using known markers for upper (Tbr1) and lower (Pax 6) layers (Fig. 2C, top panels) . At E12.5, only isoforms including ex9bc were detected in the lower cortex, whereas isoforms with or without ex9bc were both detected in the upper cortex (Fig. 2C, third panel) . The expression of ex9bc was substantially reduced in both the upper and lower parts of cortex at E14.5 and E18.5, with residual expression in the upper layers at E14.5. Consistent with the previous findings that exons 9b and 9c are present in mammals as a result of exon duplication (Bar et al. 2003) , we found exons 9bc were always spliced together. In contrast, Dab1 exons 7 and 8 were separately spliced during development. At E12.5, Dab1 transcripts containing either exon 7 or 8 (6-7-9 and 6-8-9) were detectable in both the lower and upper cortex, but transcripts including both exons (6-7-8-9) were undetectable. Noteworthy, Dab1 transcripts containing both exons 7 and 8 were first detected in both the upper and lower layers of the CP at E14.5 and their levels were substantially increased at E18.5, with exons 7 and 8 containing isoform being the only variant in the lower cortex. PSI analysis showed that the inclusion rate for ex9bc reached 100% in the lower cortex at E12.5, followed by rapid drop at E14.5 in both lower and upper cortex (Fig. 2D) . In contrast, exons 8 and 7 reached full inclusion rate in the lower cortex at E14.5 and E18.5, respectively. The parallels between the timing of Dab1 alternative splicing and neuronal migration suggest an important role for these isoforms during cortical development.
Expression of Different Dab1 Isoforms into WT Neurons Results in Distinct Distribution of Migrating Neurons in CP
To determine the role of Dab1 alternative splicing in brain development, we used in utero electroporation to introduce 4 representative Dab1 isoforms including the canonical Dab1 form (Dab1-canonical, hereinafter referred to as Dab1-can), Dab1 missing exons 7 and 8 (Dab1-Δex7&8, hereinafter referred to as Δex7&8), Dab1 including exons 9bc (Dab1-+ ex9bc, hereinafter referred to as +ex9bc) and Dab1 missing exons 7 and 8 but including exons 9bc (Dab1-Δex7&8 + ex9bc, hereinafter referred to as Δex7&8 + ex9bc) (Fig. 1A) , into the cortical neurons. We chose E14.5 for the manipulation, as this is a stage showing evident alternative Dab1 splicing, along with prominent cortical neurogenesis and migration. The embryos were harvested at E18.5 or postnatal day 7 (P7) and cortical slices were analyzed to assess the distribution of neurons expressing different Dab1 isoforms.
We found that manipulated neurons adopted different locations in the cerebral cortex (Fig. 3) . By E18.5, control neurons expressing pCIG2-GFP have reached the MZ and upper CP (Fig. 3A) . In contrast, neurons exogenously expressing Dab1 isoforms occupied lower positions than the control (Fig. 3B-E) . To define the layer position of these manipulated neurons, we immunostained E18.5 cortical slices with antibodies to laminar markers Brn2 (layers II-III) and Ctip2 (layer V). We found that the majority of neurons exogenously expressing the canonical GFP-labeled Dab1 isoform failed to reach the superficial layer of the CP and accumulated at lower layers from II to VI and IZ (Fig. 3G) , whereas neurons expressing Δex7&8, Δex7&8 + ex9bc, or + ex9bc clustered at further lower layers ranging from layer V to SVZ/VZ (Fig. 3H-J) , suggesting that overexpressing Dab1 isoforms causes defects in neuronal migration.
To quantify the differences in neuronal migration, we evenly divided the cortex into 5 bins and counted the numbers of GFPpositive neurons within each bin. Quantitative analysis revealed that the majority (64.15%) of control neurons reached the top layers in bin 1. In comparison, less than 10% of neurons exogenously expressing Dab1 isoforms were able to migrate to the same position (Fig. 3K) , suggesting that overdosing Dab1 levels interferes with neuronal migration. Notably, more than one-third (37%) of neurons expressing Dab1-can reached the upper layers (bins 1-2) and about one-third (30%) of these neurons jammed in the bottom layers (bin 5) within SVZ/VZ (Fig. 3K) . In contrast, less than 25% of neurons expressing non-canonical Dab1 isoforms (Δex7&8, Δex7&8 + ex9bc, or + ex9bc) reached the upper layers (bins 1-2), with more than half of the neurons halted in SVZ/VZ. The vast majority of the Δex7&8-expressing neurons (58.45%) accumulated in bins 4-5 that correspond to the IZ and SVZ/VZ (Fig. 3K) . Assessment of neuronal positioning at P7 verified that the majority of Dab1-ex9bc expressing cells were stuck at the bottom layers (Supplementary Fig. 1 ). Together, these data suggest that expression of different Dab1 isoforms causes distinct migratory behavior in the developing cerebral cortex and that either exons 7 and 8 exclusion or exons 9bc inclusion disrupts Dab1 function and impairs neuronal migration.
Different Dab1 Isoforms Induce Distinct Morphology and Coordinate MBT in the MAZ
Previous studies have demonstrated that Dab1 may affect process extension and stabilization to modulate neuronal migration (Olson et al. 2006; Franco et al. 2011) . To examine whether different Dab1 isoforms differentially affect neuronal morphology, we assessed the process length of neurons expressing Dab1 isoforms in lower CP and MAZ, a region critical for neuronal polarization.
In the CP, neurons exogenously expressing different Dab1 isoforms appeared to have shortened leading processes relative to the control (Fig. 4A) . Notably, the shortest leading processes were found in CP neurons expressing +ex9bc, indicating that ex9bc-encoded amino acids have dramatic inhibitory consequence on the maintenance of leading process length.
The MAZ is a region located in the upper IZ, where neurons exiting the SVZ/VZ adopt multipolar morphology before migrating radially towards the CP. Studies have shown that neurons in MAZ continuously extend and retract processes before converting into a bipolar morphology for radial migration (Noctor et al. 2004; Ohshima et al. 2007 ). Quantitative analysis showed that 78.60% of MAZ neurons expressing the canonical Dab1 isoform exhibited a polarized morphology, with long protruding processes towards the CP and pial surface. In contrast, neurons expressing Δex7& 8 and Δex7&8 + ex9bc had thicker and shorter processes, with less than 30% of cells exhibiting a bipolar morphology (Fig. 4B-D) , suggesting defects in MBT. Combined with the evident splicing of exons 7 and 8 and 9bc in IZ (Fig. 1) , these data indicate that MAZ may be a critical region for the coordinated control of different Dab1 isoforms in regulating MBT.
Canonical Dab1 is Tyrosine Phosphorylated Mainly in MAZ
Tyrosine phosphorylation has been closely associated with Dab1 function and alternative splicing mainly affects the tyrosine encoding region. We therefore speculate that differential Dab1 tyrosine phosphorylation in neurons may underlie their distinct neuronal morphology and laminar positions. As mentioned above, Dab1 exons 7 and 8 encode 2 tyrosine residues Y 198 and Y 220 that are crucial for signal transduction, whereas exons 9bc encode no defined domains. We and others have previously shown that exclusion of exons 7 and 8 substantially reduced Dab1 tyrosine phosphorylation, whereas inclusion of exons 9bc had no effect on Dab1 phosphorylation in vitro (Yano et al. 2010; Gao et al. 2012 ). However, both exclusion of exons 7 and 8 and inclusion of exons 9bc severely blocked the MBT and delayed neuronal migration, suggesting that Dab1 isoforms may exhibit different phosphorylation status in vivo. Using the pan tyrosine phosphorylation antibody PY-100 for immunostaining analysis, we found that neurons overexpressing the canonical Dab1 form showed prominent tyrosine phosphorylation (Fig. 5B ). As expected, tyrosine phosphorylation was undetectable in neurons expressing Δex7&8 or Δex7&8 + ex9bc isoforms ( Fig. 5C and E) . However, we were unable to detect tyrosine phosphorylation in neurons expressing +ex9bc, an isoform with no loss of any tyrosine residues but including ex9bc (Fig. 5D ). These data suggest that ex9bc may play a dominant negative role in suppressing Dab1 tyrosine phosphorylation in vivo. Intriguingly, tyrosine phosphorylation was only detectable in GFP-positive neurons within the MAZ but not in the migrating CP neurons (Fig. 5B) . To further verify that the detected tyrosine phosphorylation indeed reflected Dab1 tyrosine phosphorylation, we immunostained brain slices with an antibody specific to the phosphorylated tyrosine 232 site of Dab1. As shown in Figure 5E -J, tyrosine phosphorylation of Dab1 was found in the Dab1-can neurons within the MAZ but not in neurons expressing other isoforms. Immunostaining E18.5 brain slices with the pY-Dab1 antibody also verified that endogenous Dab1 phosphorylation occurs mainly in the MAZ (Fig. 5K) , suggesting a role for Dab1 alternative splicing in MBT by modulating Dab1 tyrosine motifs and phosphorylation levels.
Dab1 Isoforms Differentially Rescue Neuronal Migration Defects in Dab1-Deficient Neurons
Since neurons exogenously expressing different Dab1 isoforms exhibited distinct migratory features in WT mice, we next asked whether they could differentially rescue the migration defects in Dab1 −/− neurons. Different Dab1 isoforms were introduced into Dab1 −/− embryos at E14.5 by in utero electroporation and the distribution of labeled neurons was analyzed at E18.5. While the GFP control-targeted neurons prominently accumulated in the CP layer VI, IZ and SVZ/VZ (Fig. 6B) , introducing Dab1-can into the Dab1 −/− neurons significantly increased the number of neurons migrating into the superficial layer in bins 1-2 (from 2.95% in control to 44.62%) (Fig. 6B-C and F) . In contrast, expression of Δex7&8 or + ex9bc in Dab1-deficient neurons did not change the distribution of neurons ( Figs 6D-F) , suggesting partial rescue of neuronal migration by the canonical Dab1 form but not by other isoforms. Although expression of both Dab1-can and + ex9bc promoted MBT in Dab1-deficient neurons, morphological analysis revealed that +ex9bc had shorter leading processes than Dab1-can ( Fig. 6G-I ). In fact, neurons expressing +ex9bc had even shorter leading processes than the Dab1 mutants (Fig. 6I) , suggesting that +ex9bc disrupted leading process stabilization and variants (B-E) were introduced into mouse embryos by in utero electroporation at E14.5. The brains were harvested and analyzed at E18.5. GFP-positive neurons were visualized by epifluorescence and nuclei stained with DAPI (A-E). The brain slices were immunostained with Brn2, a layers II-III marker, Ctip2, a layer V marker, and GFP antibodies to visualize the cortical layer position of neurons expressing different Dab1 isoforms (F-J). Boxed areas in top CP, IZ and VZ regions are shown with higher magnification. Note that the control neurons adopted a layer II position, while neurons expressing the canonical Dab1 adopted layers III-V positions, and neurons expressing other Dab1 variants took an even lower position between layers IV-V. The cerebral cortex was evenly divided into 5 bins (A-E) and the GFP-positive neurons within each bin are counted and presented as a histogram (K). Cont, control; Dab1-can, Dab1-canonical; Δex7&8, Dab1-Δex7&8; +ex9bc, Dab1-+ ex9bc; Δex7&8 + ex9bc, Dab1-Δex7&8 + ex9bc. Bars represent Standard Error Mean (SEM), N = 30. The asterisks indicate statistically significant differences; *P < 0.05; **P < 0.01. Scale bar: 50 and 25 μm for the zoomed images. exacerbated the defects in Dab1 −/− neurons. These results are consistent with the role of Dab1 alternative splicing in mediating MBT and further support the notion that +ex9bc has a dominant negative effect in regulating leading process extension and stabilization.
Discussion
Precise neuronal migration and positioning require coordination of neuronal movement over space and time (Cooper 2013) . While the key role of Dab1 in Reelin-mediated neuronal migration is well-established, how Dab1 regulates complex phases of neuronal migration in a spatiotemporal manner remains elusive. In this study, we demonstrate that alternative splicing of Dab1 serves as a key coordinative mechanism to regulate MBT and orchestrate neuronal migration and positioning by spatiotemporally modulating the activity of Reelin-Dab1 signaling.
Integral to Reelin signaling is the tyrosine phosphorylation of Dab1 . Studies have shown that Dab1 tyrosine phosphorylation is required for both leading processes extension and stabilization of migrating CP neurons (Sanada et al. 2004; Franco et al. 2011 ). In the present study, we have found that tyrosine phosphorylation of Dab1 occurs predominantly in MAZ multipolar neurons. Consistent with our observation, ApoER2-one of the Reelin receptors, was found to be abundantly expressed on the membranes and processes of MAZ neurons (Hirota et al. 2015) . Moreover, Reelin has been shown to guide the orientation of multipolar neurons and promote radial migration by activating Rap1 and regulating the surface expression of N-cadherin (Jossin and Cooper 2011; Shah et al. 2016; Vomund et al. 2016) . The presence of tyrosine phosphorylated Dab1 in multipolar neurons would be a prerequisite to fulfill this role, as Dab1 tyrosine phosphorylation is needed for the recruitment of Crk-C3G and activation of Rap1 (Ballif et al. 2004) . Our study thus illustrates a new role for Dab1 tyrosine phosphorylation in process extension and polarization of MAZ multipolar neurons.
When phosphorylated, different Dab1 tyrosine motifs have been shown to recruit distinct downstream SH2-containing proteins (Feng and Cooper 2009; Gao et al. 2012) . However, the YQxI (Y 185 and Y 198 ) motifs appear to play a primary role in mediating Dab1 activity, the absence of which led to the loss of Dab1 phosphorylation and defects in neurite outgrowth and cortical development (Katyal et al. 2007; Feng and Cooper 2009 ; Gao et al. 2012) . Interestingly, these 2 motifs were encoded by alternative exons 7 and 8 that are precisely included in different subsets of cortical neurons during development. In a previous study, we detected the presence of a Dab1 isoform missing both exons 7 and 8 but the absence of the isoform missing exon 7 (Gao et al. 2012 ) at E10.5 and E11.5. In this study, the Dab1 isoform missing both exons 7 and 8 was undetectable, but isoforms including single exon 7 or 8 were prominently detected at E12.5 and later stages (Fig. 2C) . These data suggest that exon 7 or 8 might be individually included at critical stages between E11.5-E12.5, as this is key stage for the migration of the first-wave neurons. Alternatively, isoforms missing both exons 7 and 8 might be present in other brain areas that were missed out in the current study. For example, the hind brain area, which contains the prospective lateral germinal eminence, showed high levels of Dab1 expression at E10.5. We propose that Dab1 isoforms containing single exon 7 or 8 might be important to fine-tuning the lamination of specific cortical layers during early development. Only when the migration of late-born neurons becomes evident at E14.5, both exons are included in the lower cortex, indicating the precise temporal control of Dab1 activity by alternative splicing. The loss of tyrosine phosphorylation, the accumulation of neurons in the MAZ, and the failure to rescue the migratory defects in Dab1 −/− neurons by expressing Dab1 isoforms lacking exons 7 and 8 further stress the importance of these alternative exons in the regulation of Dab1 activity and neuronal migration. We have previously shown that Dab1 isoforms harboring all 4 tyrosine motifs (including Dab1-can and + ex9bc) can be fully phosphorylated to recruit the complete set of downstream SH2 proteins in vitro (Gao et al. 2012) . Here, we found that +ex9bc was not tyrosine phosphorylated in vivo and its expression severely affected neuronal process branching/extension in the MAZ and exacerbated the lamination defects of Dab1 −/− neurons. These results suggest that exons 9bc play a dominant negative role by inhibiting Dab1 tyrosine phosphorylation and function. It is noteworthy that Dab1 isoform containing exons 9bc was the only form in the lower cortex at E12.5 (Fig. 2) The presence of exons 9bc may thus help to keep cells in VZ and SVZ area in an "off" state to prevent premature migration. Alternative splicing, by removing exons 9bc and including exons 7 and 8, thus endow cells with the ability to timely adopt MBT and pass through their predecessors to reach the final destination in a Dab1 tyrosine phosphorylation-dependent manner. Alternative splicing therefore serves as a critical switch to spatiotemporally control the activity of Reelin-Dab1 signaling, MBT, and neuronal migration. It should be noted that introducing Dab1 into WT neurons interferes with neuronal migration regardless of the identities of Dab1 isoforms. Consistent with our observations, a previous study also showed that expression of Dab1-can in WT neuron resulted in a slower neuronal migration pattern relative to control (Simo et al. 2010) . We speculate that overdosing Dab1 likely disrupts the balance between multiple endogenous Dab1 isoforms, which orchestrates neuronal migration. Furthermore, the partial rescue of migration defects of Dab1 −/− neurons by Dab1-can also supports the idea that an individual isoform is insufficient to precisely regulate neuronal migration. Multiple forms of Dab1 at the correct doses with accurate spatiotemporal distribution are required to support the full migratory process (Yano et al. 2010 ). Alternative splicing is regulated by multiple RNA splicing factors. A previous study has shown that Nova-2 regulates removal of exons 9bc as a function of neuronal cell differentiation (Yano et al. 2010) . Coincidentally, we have also identified a consensus Nova recognition site in the intron 7 of Dab1 (data not shown). Since exons 7 and 8 and exons 9bc are spliced in a mutually exclusive pattern, it is likely that Nova proteins may coordinately regulate both the inclusion of exons 7 and 8 and exclusion of exons 9bc. Further studies investigating the upstream splicing factors involved in the spatiotemporal regulation of Dab1 splicing during development would be helpful for elucidating the intricate regulatory mechanism for neuronal migration.
In summary, we have shown that critical Dab1 tyrosine motifs are tightly controlled by alternative splicing at the posttranscriptional level to ensure that Dab1 tyrosine phosphorylation is concordant with the migratory state of neurons. By timely including tyrosine motifs and removing inhibitory sequences, developmentally regulated alternative splicing provides a fine-tuned regulatory mechanism to control MBT in MAZ neurons, thereby ensuring precise neuronal polarization and radial migration (schematically shown in Fig. 7) . The role of Dab1 alternative splicing in regulating neuronal migration Figure 3B -D. Dab1-can, Dab1-canonical; Δex7&8, Dab1-Δex7&8; +ex9bc, Dab1-+ ex9bc; Δex7&8 + ex9bc, Dab1-Δex7&8 + ex9bc. Scale bar: 50 μm for A-E, 5 μm for G.
therefore represents an example of coordinated control for complex biological processes at both a post-transcriptional and post-translational levels (Weatheritt and Gibson 2012) .
